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Scapeeltively coupled rf Slow discharge of silane In argon was

studLed to determine the spatial concentration of silicon atome. L aser-
induced fluorescence was ued to determine the ground state concentration
profiles. The fluorescence profiles clearly show the sharp boundaries of
the sheath regions. The de bias voltage, silane mqle fractions, flow
rates, and chamber pressure were all varied to establish the sensitivity of
the sitlane profiles. The existing theory of sheath formation is used to
qualitatively understand the existence of sharp spatial boundaries and the
sensitivity of the anode sheath region to plasm chemistry.

INTRODUCTION

The decomposition of lsl..l in electrical discharges has been shown to
form thin film of hydrogenated amorphous silicon on the electrodes. These
film have promise for aking Inexpensive solid state devices, e.g., photo-
voltates 11. Itf the properties of the amorphous films are to be opti-
nized, the chemical processes in the gas phase and at the gas-surftace
inteirface oust be understood. Laser probes are wll suited eo the study of
these gas phase chemical species because of their high spatial resolution,
sensitivity, and the variety of different laser spectroscopic techniques
available.

A frequently used discharge environment is a capecitively coupled rf
glow discharge. In previous publications we have presented specially
resolved results from laser excited silicon atom fluorescence [2) and from
particle light scattering 13) in a capacitively coupled rf glow discharge
of siLane and argon. In this article, we present results from recent
experiments on the nature of our silicon atoo fluorescence data. In the
accompanying article (41, we dis use the nature of particle light seat-
terin and Its relation to the silicon atm fluorescence,

EXPERIMBNTAL

Our apparatus is designed to use laser probes with a discharge that has
features and Parameters typical of discharges used by other Investigators to
prepare amorphous silicon film (LI. Our Laser system consists of a dye
laser pureed by a pulsed Nd:TAG lamr. The dye beom can be frequency
doubled to produce a tunable lV been, The laser system ts operated at 10 Ra
and produces light pulses 10 as In duration with energies as high as a few
ailltJoules i the visible, and a few temahe of millijoules in the UY.

The discharge chamber is pictured schematically In figure 1 The . -
laser be enters snd exits the chamber through Sewater window that Arde"'eslon For
mounted perpendicular to the plane of the paper in figure 1. The lae*'L,,,-.
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ligure I Schematic diagram of the discharge chamber. The laser entrance
and exit pores are perpemdicular tq the plane of the figure.

focusing Is done with a telescope lens pair mounted 0.5 a from the image
spot mse of 0.1-0.15 m as determined from film burn patterns. The else-
crudes are 38 am in diameter and separated by 22 am. The rf electrode is
shtelded from the chamber, while the gteoud electrode is to mutual ground
with the chamber. Thus, the effective area of the gromd electrode is
larger tha the rf electrode. The sigmal to detected through a coLlectiou
vindow emoted perpendicular to the laser ports. to order to prevent the
foruactio of amorphous stllio film on the colleetiLM window and laser

ivdows, a plasm coastrainig scree at ground potential is placed around
the discharge area. A ehmer ettessim tube, through which the ilane
mixture eaters, to uod to separte the ceiLectiom imde from the
discharge regie by beth flw and distamee.

The Laser sigal is detested by iqtg the slit of a 0.75 a ame-
chromater, thouh a sm pair oI aperture 17.4, sse the laser beam. The
signatl from the od @slt of the mmshlto is detected on a photo-
multtplier tube. A fast, geted ttegractoe of -100 s provides digital
signals to a aeree-ap-sr. The atercmpte eetrols the enlre ewer-
meat, which a&lum sof1 iiam data elleetie an e d excellent sigal aver-
aging. The sseehrmeter, the 10 me pulse leooh, and gaged decection all
serve to disaerialate agmimt plains asea. IM aparatus ts calibrated
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by filing the chamer with 0. 10 tort of benoens vapor and detecting the
vell knou fluoresence spectrum [SI as a function of spatial position.
Rig reseolution spatial proflies along the axle of the electrodes are
obtained by translating the vacuum chamber with respect to the fixed optics
System (see figure ). This alleviates the problems involved with
retaining alignmet while translating a laser bem. A flexible connection
to the vacuum pump allows chamber motion, and the vacuum pump and chamber
system holds constant pressure to an accuracy of - 0.12 by servo control
of an argo Iosk betwen a particle trap'and the pump.

Silicon &tom fluorescence is detected by weekly focusing the 9V laser
beam into the discharge region. The laser wavelength of 251.43 na excites
ground state Si, 3p2 3P - 4s 31p 0 and fluorescence of the 4s 3PO
3p2 5p transition at 212.85 nm Is detected through the Thchromaoc. Te
mocchromator resolution of -0.5 n cleanly separates the 252.85 n sae-Isloe from the excitation line and the other member of the triplet emission.
This sepaclon nearly reaches the be" line and light scattering at the
resonance excitation does not overlap the 252.85 am peak. The conventional
meanitn of fluorescence, emission excited by optical absorption, is used In
the following text. The more general excitatlon of emission, including by
electrons,. should not be called fluorescence. The recent common use of
LI?, for laser induced fluorescence, to often misused because the laser
Induced to only needed when ambiguity might exist as to the type of optical
excitation.

R"SULTS AND DISCUSSO .14

When an rf discharge is created, ton sheaths form near both electrodes,.
Sharp beundaries suggestive of Ion sheaths are clearly evident In the axial
profiles of silicon atom fluorescence presented in figure 2. These curves
show no electrode well effects, as determined from the benzene experient.s.
In order to understand these spcial profiles, the discharge parameters
vere varied to probe both chemistry and electrical sheach behavior. As the
total gas pressure was Increased at constant silane mole fraction and
discharge power, the intensity of the fluorescence signal increased, and
the location of the peaks changed relative to the electrode. This Increase
of fluorescence intensity with pressure implies that the total atom con-
centracion has a creation mechanism that depends on pressure. The movement
of the fluorescence peaks closer to the electrode surface with increasing
pressure to compatible with the theoretlcal concepts of ton sheath for-
nation [61. This model suggests Chat the product of pressure and sheath
distance to the electrode should remain constant, sad this Is exactly what
is observed for the location of silicon atom fluorescence peaks. The
reason for the silicon atoms having boundaries at the sheaths is a key
object of the current research report, although it ts obvious that it ts
related to the atom creation mechanism. In our earlier report (21 we
implied that the most probable cause was the onset of high electron energy
creation processes from slasne and silame fragments.

The mole fraction of silane in argon is shown in figure 2 to weakly
affect beth the shape and Intensity of the silicon atom spatial profiles.
The mole fractions of 22, 62, and 92 show an Increasing atonic signal with
decreasing mole fraction of silane. At these large mole fractions, one has
difficulty separating the effects of atom creation mechanims from changes
in the discharge characteristcic. It is clear, however that at soae point
there should be a reduction in atom intensity as one reduces the sllane
sole fraction. Furthermre, when one reaches the mole fraction where the
electron distributions are controlled by the dominant argo concentration,
the spatial profiles of atom concentration should reflect the electron
distributions in the plaema and sheath regions by a convolution of electron
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Figure 2 Axial profiles of atomic silicon fluorescence signals for dif-
ferenC mole fractions of @Slane In argon: A 2%, 8 - 62, C
92. The other discharge parameters ore: rf power 5W, gas flow
50 seem. ,gas pressure 0.3 cort, and rf frequency 12 M. The
ground electrode ti at 0.0 m. The ef electrode is at 22.0 an.

Impact and other creation mechanlim with silicon diffusion and lose pro- . -

cesses. The normal model of a pLasm. suggests that a bulk pLam of fairly
constant electron impact chemistry should be bordered by the ion sheathe, a
at which the transition in electron distributions and electron impact chem-
istry may show differences from the bulk plasma. Consequently, one sight
expect curves mauch like those shown In figure 2, but with smaller silicon
atom signals for smaller mole fractions of siLeno. The ailao is an Lmpor-
tant component In controlling the electron Impact processes and changes
from 2-92 are probably greatly affecting the electron processes and there-
fore the atoo concentration. At smaller mole fractions we might expect to
reach a perturbation limit, where the electron impact processes are Largely
controlled by argon. Figure 3 shows results from experiments performed at
silane mole fractions between 0.OSX and 0.432. While It is not shown In
figure 3, the change from 2.02 to 0.45Z reduced the sharp cusp like
behavior to a stiple sharp boundary at 0.452. This type of change from a
cusp to a sharp edge might be expected on the basis of discharge changes
Involved in reaching a perturbation limit. The changes shw In figure 3
at lower mole fractions are not comptlble with our expectation for the
discharge electero Impacts creating selicon atom. In particular, at 0.22
one can observe a peek In sillo atom concentration at 3.5 im, the orig-
inal Location of the sharp cups that appear to correlate with the Son
sheaths. In addition, the very low sale fractions of sil e show changes
with coaesmtrati that are net comptlble with the concept of a reasonably
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figure 3 Axial profiles of atomic silicon fluorescence signals near the
ground electrode (0.0 an), for different solo fractions of sllane
In argon: A - 0.451, 9 - 0.35Z, C - 0.20Z, 0 - 0.10Z, 1 - 0.052.
The thet discharge paraucers ate: rf power 3W, 8s flow
50 cs., San pressure 0.5 torr, and rf frequency L2 Kz.

uniform plasma between sheaths that is only weakly perturbed by gluane.
However, the atoo signals do reflect the discharge eLectrical character-
istic, by their spatial correlation with Lou sheaths, especially at Larger
eole fractious of silane.

in order to further understaod the origin of the stLe atom signals
we have dos a eber of other experiento. Free laser-nduced fluores-
cence one can, in principle, obtain a quantitative manure of co centre-
tion. tn our intial calibration experiments with bensme, we were able to
conclude that the laser powe which was necessary to see the fluorecee
signal above the noise was far above that neceesary to satursato the atoei
transition. The resultant concentration of silicon atom, in the case of
saturation, t -i x 10/ce, based on the absolute yield of the benene
emission and mesurements of focus volume, time widthe, and an unproven
assumption of a simple saturationt mechanism. owe er, the experimsntal
test of saturation was cotradieud by a linear dependence of fluoresee
signal on laser power. The linear dependence had a now-sere intercept
indicating *em sort of power threshold, an observation that wee difficult
to understand. tn out next effor: to understand the laser power dependence
of silicon atom fluorescence, an xperwment we performed in which the I.
focue dimeter of the beom me expanded by about a factor of three to
-0.35 an. Additional focusing control and detection calibration m t myet
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Figure 4 A plot of laser power versus fluorescence Intensity Line A

represents son-sactstiou limit behavior. Line S represents "
second high power mechaniam.

be done to ce the focusing volume changes in a quantitative umanner and
obtain an Improved estimate of atom concentration. 4evertheless, the
expanded area of the laser bean allows a more sensitive measurement of
fluorescence signal verea laser power density. The resultant data are
plotted in figure 4. Although the laser power for all the poats in
figure 4 are above the calculated saturation power, we can ore clearly
observe the asst of a linear Poet dependewc. At tow poncs, the car-
vacure of the plot is due to typical saturation rollover as seen by the
deviation from a linear behavior (lie A). As the power Is Increased, a
second mechanism takes over which has a linar depeudence em poner with
om threshold (liee ). The new mechanism is compatible with laser
excited creation of atoms fro some species In the discharge. Kn order to--
study intrinsic silicon atom coc ntratiome, oah lower powet densities
will be needed than were used t this work. The necessity 'for a discharge, -

the spatil varia to o aoilicon atom sign"l, @an thim iemeitty and spatial
changes with mole fraction all suggest thee particles are the species that .-

are responsible for laser absorption and atom creation during the laser
pulse. A new eperw attont i being pLad that uses two laser bees of
variable color to probe the process of particle abeereigl, and atom
creation. Other data showing correlaioss with particle sigals are sheen
man secopamNe paper [4l.
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In eenc1e51es, we have obSum that the observed spatial Profiles of
silion aesim (2) are set derived from plasom chemistry in a direct maner.
At sufficiently large Iaser peors, the atom concentratios are propebly ).

created by absorption of radiation by particles that exist Lot spatial tows
controlled by the discharge properties and Che discharge chemistry.
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